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Abstract
In present work, we investigate the spectrum of several low-lying sscqq¯ pentaquark configurations
employing the constituent quark model, within which the hyperfine interaction between quarks is
taken to be mediated by Goldstone boson exchange. Our numerical results show that four sscqq¯
configurations with JP = 1/2− or JP = 3/2− lie at energies very close to the recently observed
five Ω0c states by LHCb collaboration, this indicates that the sscqq¯ pentaquark configurations may
form sizable components of the observed Ω0c resonances.
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I. INTRODUCTION
Recently, LHCb collaboration announced the observation of five Ω0c states named
Ωc(3000)
0, Ωc(3050)
0, Ωc(3066)
0, Ωc(3090)
0 and Ωc(3119)
0 corresponding to their masses,
by studying the Ξ+c K
− mass spectrum with a sample of pp collision data [1]. As we know,
the experimental data about Ω0c baryons is still very poor, only the two ground states have
been found before the LHCb observation [2]. Consequently, observation of the five states is
of significant importance for us to understand structure of the Ω0c baryons.
Seeing the LHCb experimental results, one may immediately ask why there are five Ω0c
states with narrow width lying at ∼ 3000 MeV, and what kind of structure of these states
should be. In fact, just after the LHCb announcement, various of theoretical investigations
on the structure and quantum numbers of Ω0c resonances have been done, using the QCD
sum rule method [3–6], quark-diquark picture [7–9], chiral quark model [10, 11], constituent
quark model [12], lattice QCD [13], chiral quark-soliton model [14], and in several very recent
works, the decay behaviours of the observed Ω0c are also investigated [15–17].
On the other hand, one may notice that two hidden charm pentaquark states have been
announced by LHCb collaboration in 2015 [18], one of these two states also has narrow
decay width. And in a recent work, the spectrum of low-lying sssqq¯ configurations has
been investigated [19], the results show us that the lowest pentaquark configuration with
S = −3 and negative parity lies at lower energy than the lowest sss three-quark resonance
predicted by traditional quark model. In another word, baryon excitation by pulling out
a qq¯ pair may need less energy than that by the traditional orbital excitation. Since there
are at least two strange quarks and one charm quark in the Ω0c resonance, the pentaquark
configurations with light qq¯ must play very special roles in the properties of these resonances.
Therefore, in present work, we study the spectrum of several low-lying sscqq¯ (qq¯ denotes a
light quark-antiquark pair with isospin I = 0) configurations with negative parity employing
the constituent quark model, within which the hyperfine interaction between quarks are
taken to be mediated by Goldstone boson exchange, to investigate whether the pentaquark
configurations can form sizable components in the observed Ω0c resonances.
The present manuscript is organized as follows. In Section II, we present our theoretical
framework, which includes explicit forms of the employed hyperfine interaction between
quarks and the wave functions of the studied pentaquark configurations. Numerical results
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for spectrum of the studied pentaquark configurations in our model are shown in Section
III. Finally, Section IV contains a brief conclusion.
II. FRAMEWORK
In present work, we study the spectrum of low-lying sscqq¯ pentaquark configurations
using the constituent quark model, the three-quark version of which has been explicitly
depicted in the literatures [20, 21], and five-quark version is recently developed in [19].
Accordingly, here we just briefly address the key ingredients of the model. The Hamiltonian
in present model is as follow
H = Ho +Hhyp +
5∑
i=1
mi , (1)
where mi denotes the constituent mass of the ith quark, Hhyp is the hyperfine interaction
between quarks, which is often treated as perturbation, and Ho the Hamiltonian concerning
orbital motions of the quarks which should contain the kinetic term and confining potential
of the quarks.
Before discussing the Hamiltonian explicitly, now we first concentrate on the wave func-
tion for a five-quark system. Hereafter we label the wave function using the Young tableaux.
In the studied five-quark system, the color wave function for the four-quark system must
be [211]C, which can combine with the color wave function of the antiquark to form a
color singlet. On the other hand, we here take all the quarks and antiquark in the studied
pentaquark state to be in their ground states, namely, the orbital wave function for the four-
quark subsystem is the completely symmetric [4]X . Therefore, the flavor-spin wave function
of the four-quark subsystem in the studied five-quark configuration must be [31]FS, to form
a totally antisymmetric flavor-spin-color-orbital wave function of the four Fermions system.
The corresponding flavor wave functions of the four-quark subsystem can be [4]F , [31]F ,
[22]F or [211]F , and the spin states can be [4]S, [31]S or [22]S. One should notice that here we
treat the quarks with four different flavor as identical particles in the wave functions of the
studied pentaquark states, and the flavor symmetry breaking effect will be included in the
Hamiltonian of the five-quark system, in another word, the flavor symmetry breaking effect is
treated as perturbation, just analogous to the approach employing in [21, 22]. Consequently,
there are 7 resulting pentaquark states, more comprehensive analysis for the nucleon-like
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pentaquark states can be found in Ref. [23], one can also obtain the same results by analyzing
the decomposition of the flavor-spin state [31]FS in the S4 permutation group [24]. As we
can see in [23], the two highest states are 300 − 400 MeV higher than the lowest states,
even 100− 200 MeV higher than the fifth state. In addition, for the sake of the completely
symmetric flavor (or spin) configuration, mixing between these two highest states and the
other five ones is small. Therefore, tentatively, here we consider the five lower states which
are listed in Table I. And the general wave function for these states can be written as follow
ψ
(i)
t,s =
∑
a,b,c
∑
Y,y,Tz,tz
∑
Sz ,sz C
[14]
[31]a[211]a
C
[31]a
[F (i)]b[S(i)]c
[F (i)]b,Y,Tz [S
(i)]c,Sz [211;C]a
(Y, T, Tz, y, t¯, tz| − 2, 0, t)(S, Sz, 1/2, sz|SΩ0c , s)χ¯y,tz ξ¯szϕ[5] . (2)
Here i is the number of the sscqq¯ configuration in Table I, χ¯y,tz and ξ¯sz represent the
isospinor and the spinor of the antiquark respectively, and ϕ[5] represents the completely
symmetrical orbital wave function. The first summation involves The symbols C
[.]
[..][...], which
are S4 Clebsch-Gordan coefficients for the indicated color ([211]), flavor-spin ([31]) and flavor
([F ]) and spin ([S]) wave functions of the sscq system. The second summation runs over the
flavor indices in the SU(4) Clebsch-Gordan coefficient and the third over the spin indices in
the standard SU(2) Clebsch-Gordan coefficient. In the case of the spin configuration [22]
the total spin of the sscq system vanishes, so that S = Sz = 0.
TABLE I: The studied sscqq¯ configurations.
Ncon States
1 sscq([4]X [211]C [31]FS [211]F [22]S)⊗ q¯
2 sscq([4]X [211]C [31]FS [211]F [31]S)⊗ q¯
3 sscq([4]X [211]C [31]FS [22]F [31]S)⊗ q¯
4 sscq([4]X [211]C [31]FS [31]F [22]S)⊗ q¯
5 sscq([4]X [211]C [31]FS [31]F [31]S)⊗ q¯
Now we come back to the Hamiltonian of the studied five-quark system. For the sake
of the existence of a charm quark in the present case, we have to take into account the
corrections from SU(4) symmetry breaking. A tentative way is to consider the corrections
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by introduction of the following flavor-dependent Hamiltonian [22]
H ′o = −
4∑
i=1
mc −m
2m
~p2i
mc
δic , (3)
where δic is a flavor dependent operator with eigenvalue 1 for charm quark and 0 for other
quarks. After some explicit calculation, we can find that the matrix elements of the above
Hamiltonian between all the five states listed in Table I are the same one.
Accordingly, one may notice that if we neglect the hyperfine interaction between quarks in
the five-quark system studied here, then the five states should be degenerate. The degenerate
energy depends on the constituent quark masses, and explicit quark confinement model. For
instance, if one takes the quark confinement model to be the oscillator model, namely, the
orbital Hamiltonian in Eq. (1) can be written as
Ho =
5∑
i=1
~p2i
2mi
−
5∑
i<j
3
8
λCi · λ
C
j
[
C(~ri − ~rj)
2 + V0
]
, , (4)
then the degenerate energy E0 should be
E0 = 2m+ 2ms +mc + 6
√
5C/m+ 5V0 + 〈H
′
o〉, (5)
where m, ms and mc denote the constituent masses of the light, strange and charm quarks.
To avoid involving too much parameters, here we take the degenerate energy to be a free
parameter E0, without introducing a explicit quark confinement model.
Finally, to get the mass splitting of the studied five pentaquark configurations, we take
the SU(4) broken form of the hyperfine interaction mediated by Goldstone boson exchange
as in [19, 21]
HGBEhyp = −
4∑
i,j
CMi,j
~λFi ·
~λFj ~σi · ~σj , (6)
where ~λFi are the Gell-Mann matrices in flavor space, and C
M
i,j a flavor dependent operator
for strength of a mesonM exchange between the ith and jth quarks. Notice that in the GBE
model, hyperfine interaction between quark and antiquark is assumed to be automatically
included in the GBE interaction, so the spin-spin interaction HGBEhyp in Eq. (6) is restricted
to the four-quark subsystem.
Explicit calculations of the matrix elements of HGBEhyp in (6) between the five pentaquark
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configurations listed in Table I lead to the following results:
EK = −C
K


7.5 0 0 −3.5 0
0 4.5 6.1 0 1.4
0 6.1 4.0 0 −0.7
−3.5 0 0 −3.2 0
0 1.4 −0.7 0 2.2


, (7)
Ess¯ = −C
ss¯


0 0 0 1.5 0
0 1.5 0 0 0
0 0 0.5 0 1.4
1.5 0 0 0 0
0 0 1.4 0 −0.5


, (8)
ED = −C
D


0 0 0 −2.5 0
0 2.5 0 0 2.9
0 0 0.5 0 −1.4
−2.5 0 0 2.7 0
0 2.9 −1.4 0 −0.2


, (9)
EDs = −C
Ds


7.5 0 0 4.5 0
0 4.5 −6.1 0 −4.3
0 −6.1 4.0 0 0.7
4.5 0 0 7.5 0
0 −4.3 0.7 0 3.5


, (10)
Where EM and C
M are the hyperfine interaction energy mediated by M meson and the
coupling strength constant for M meson exchange, respectively.
III. NUMERICAL RESULTS
Before moving to our numerical results, we have to discuss the parameters in present
model explicitly. as shown in Sec. II, the parameters are the degenerate energy E0, and the
coupling strength constants in the Goldstone boson exchange model. Values for the latter
have been discussed in [19] for the light five-quark system and in [21, 22] for three-quark
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system. Generally, the empirical values for the coupling strength constants in present case
should be different from the ones given in [19, 21, 22], because of the existence of the charm
quark in the five-quark system.
In any case, tentatively, if one takes the empirical values for the coupling strength con-
stants in the literature [19, 21, 22], namely, CK = 15.5 MeV, Css¯ = 11.5 MeV, CD = 6.5 MeV
and CDs = 6.5 MeV, and treats the degenerate energy E0 as free parameter to fit most of
the observed energies of Ω0c resonances, which yields E0 = 3132 MeV, one can get the energy
matrix of the five pentaquark configurations listed in Table I:
E =


2967 0 0 24 0
0 2999 −55 0 −13
0 −55 3035 0 −1
24 0 0 3115 0
0 −13 −1 0 3082


, (11)
in unit of MeV. As we can see, there are several nonnegligible nondiagonal matrix elements,
which must lead to mixing of the configurations given in Table I. Diagonalization of the
E matrix (11) leads to physical masses and the configuration mixing coefficients given in
Table II.
One may notice that value for the free parameter E0 in present work is about ∼ 1000
MeV higher than the one obtained by fitting the data for sea content in nucleon [25]. As
we know, the constituent quark mass of charm quark should be ∼ 1200− 1300 MeV higher
than that of light quark, while the studied pentaquark configurations in [25] are 1/2+ states,
namely, those configurations are the first orbitally excited pentaquark states, which should
raise up E0 by about 200−300 MeV. Accordingly, the value for E0 obtained in present work
is reasonable.
As we can see in Table II, the numerical results fit LHCb data very well, with the largest
deviation at ∼ 3%. As we have expected, mixing between the configurations 2, 3 and 5 in
Table I are strong, which corrects the diagonal energies in (11) at ∼ 1%.
As we have discussed at the beginning of this section, the coupling strength constants for
Goldstone boson exchange in present work may be different from those in the literatures,
so here we try to deviate the values we have taken by ±10%. The resulting numerical
results are given in Table III compared to the experimental data and results obtained in
other approaches. As shown in Table III, masses of the three higher states are not very
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TABLE II: The masses of the studied sscqq¯ pentaquark states and configuration mixing coefficiens.
Numbers in the first row are the obtained energies for the five pentaquark states in unit of MeV,
and numbers in columns 2-6 are the corresponding mixing coefficients for the configurations in
Table I.
2958 2963 3071 3088 3119
|1〉 0 0.988 0 0 0.157
|2〉 0.808 0 0.471 0.354 0
|3〉 0.583 0 -0.728 -0.361 0
|4〉 0 -0.157 0 0 0.988
|5〉 0.088 0 0.498 -0.863 0
sensitive to the coupling strength constants. Accordingly, we may conclude that these three
pentaquark configurations can form sizable components in the observed Ωc(3066)
0, Ωc(3090)
0
and Ωc(3119)
0 states, and the quantum numbers for the observed three states may be 1/2−.
TABLE III: The masses of the studied sscqq¯ pentaquark states compared to the experimental data
and results in other approaches. All the numbers are in unit of MeV.
Approach MΩ0c Ref
Data 3000 3050 3066 3090 3119 [1]
CQM 2958 ± 18 2963 ± 17 3071 ± 6 3088 ± 4 3119 ± 1 Present
QCD Sum Rule 3066 ± 138 3119 ± 114 [3]
QCD Sum Rule 3100 ? 3120 ? 3100 ? [4]
QCD Sum Rule 3050 ± 110 3060 ± 110 3060 ± 100 3110 ± 100 [5]
Quark-Diquark 2987 3005 3077 3095 3227 [8]
χQM 3156 [10]
Quark-Diquark 2975 3057 3066 3063 3120 [16]
Our numerical results for the two lowest states have sizable deviation from the experi-
mental data, especially the second one. While one may also expect that the next-to-lowest
state in our model may correspond for the observed Ωc(3000)
0, since once the values of
coupling strength constants for Goldstone boson exchange are taken to be 0.9 times of the
ones given in [19, 21, 22], the resulting energy for the next-to-lowest state is 2980 MeV,
while the three higher states almost keep as what they are.
In addition, one has to notice that the third and fourth obtained states in our model (may
correspond to the observed Ωc(3066)
0 and Ωc(3090)
0 resonances), which are admixture of
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the configurations |2〉, 3〉 and |5〉 in Table I, may also have spin quantum number J = 3/2.
This is because of that spin wave functions for the four-quark subsystems of these three
configurations are [31]S, namely, S4q = 1, which could result in S5q = 1/2 or S5q = 3/2 when
combine with the spin of the antiquark. While in present model, the energies of spin 1/2
and 3/2 states are the same.
In Refs. [3–6], Ω0c states are investigated using the QCD sum rule approach. While the
obtained quantum numbers of Ω0c states are very different. In [3], Ωc(3066)
0 and Ωc(3119)
0
are interpreted to be (2S, 1/2+) and (2S, 3/2+) charmed baryons. The Ωc(3000)
0, Ωc(3050)
0
and Ωc(3066)
0 are assigned to be 1/2− baryon states. In [5, 6], all of the Ω0c resonances have
negative parity, but with different spin quantum numbers.
The Ω0c resonances have also been investigated by using various of quark models [7, 8,
10, 12, 16] since the observation by LHCb collaboration. In [7, 8, 16], the Ω0c states are
interpreted as system with one diquark and one charm quark, and the parities for all the
five observed states are assigned to be negative, but with different spin quantum numbers.
while in [12], the parity quantum number of the highest Ω0c state is assigned to be positive
but the other four states are proposed to have negative parity. In [10], the Ω0c states with
pentaquark structure are first investigated using the chiral quark model.
There are several other works in which the quantum numbers of the five observed Ω0c
baryons are investigated [9, 13]. Two of the five states are identified to have positive parity,
while the other three have negative parity in [9]. The lattice QCD calculations [13] indi-
cate that Ωc(3000)
0 and Ωc(3050)
0 may have quantum numbers 1/2−, and Ωc(3066)
0 and
Ωc(3090)
0 may have JP = 3/2−, whereas Ωc(3119)
0 may be a 5/2− state.
IV. SUMMARY
In present work, we investigate the spectrum of several low-lying sscqq¯ pentaquark con-
figurations with I = 0 employing the constituent quark model, within which the hyperfine
interaction between quarks is taken to be mediated by Goldstone boson exchange. Mixing
of different pentaquark configurations caused by hyperfine interaction is considered. And
because of the existence of the charm quark, the SU(4) flavor symmetry breaking effects
from both the constituent masses for different quark and coupling strength constants for
different meson exchanges are also taken into account.
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In fact, it’s not so convenient for us to compare the numerical results to the experimen-
tal data, since there is no explicit experimental information on quantum numbers of the
five newly observed Ω0c states, and the various of different theoretical investigations give
very different predictions. In any case, tentatively, with reasonable values for the model
parameters, our numerical results show that masses of three obtained sscqq¯ states are very
close to the newly observed Ωc(3066)
0, Ωc(3090)
0 and Ωc(3119)
0, which may indicate that
those obtained sscqq¯ configurations may form sizable components in these Ω0c baryons. In
addition, another obtained sscqq¯ state lies at ∼ 2980 MeV, it’s also very close to the mass
of the observed Ωc(3000)
0, with the deviation less than 1%.
To conclude, the present estimation on the masses of low-lying sscqq¯ configurations show
that the pentaquark configurations may take sizable probabilities in the observed Ω0c baryons.
Considering the quantum numbers, Ωc(3000)
0 and Ωc(3119)
0 may be 1/2− states, while
Ωc(3066)
0 and Ωc(3090)
0 may have the spin-parity quantum number 1/2− or 3/2−.
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